We have performed quantum molecular-dynamics simulations for methane under shock compressions up to 80 GPa. We obtain good agreement with available experimental data for the principal Hugoniot, derived from the equation of state. A systematic study of the optical conductivity spectra, one-particle density of states, and the distributions of the electronic charge over supercell at Hugoniot points shows that the transition of shocked methane to a metallic state takes place close to the density at which methane dissociates significantly into molecular hydrogen and some long alkane chains. We predict the chemical picture of the shocked methane with respect to the pair correlation function . In contrast to usual assumptions used for high pressure modeling of methane, we find that no diamond-like configurations occurs for the whole density-temperature range studied.
I. INTRODUCTION
The nature of methane under extreme conditions has recently drawn extensive attentions due to the ongoing scientific and technological interest. As methane is one major constituent of the "ice" layers in Uranus and Neptune, where the pressure ranges between 20 and 600 GPa and temperature between 2000 to 8000 K [1, 2] , its properties are of considerable impact on the internal evolution and energetics of these giant planets. The knowledge of its equation of state and electrical conductivity at these conditions are necessary both for theoretical modeling of the composition of these planets and for understanding its contribution to the planetary magnetic fields, which are caused by convective dynamo action of electrically conducting fluid [3] . Thus, it is desirable to determine the transformations in methane induced by nonequilibrium phenomena such as shock waves and detonations.
A lot of efforts have been devoted to exploring the methane chemical dissociation under extreme conditions. At high static pressures between 10 and 50 GPa and temperatures of about 1000 to 3000 K, diamond-anvil cell experiment has suggested that methane breaks down to form diamond and hydrogen [4] , in qualitative agreement with Ree's prediction [5] .
However, on the methane Hugoniot [6] different results were reported. No dissociation was found in shocked methane for compressions up to 42 GPa [7] , while Nellis et al. observed the increase of electrical conductivity in methane shocked by two-stage light-gas gun, which was attributed to the decomposition into a substantial concentration of molecular hydrogen at 36 GPa and 3900 K [8] . The discrepancy may be caused by the shorter time scale of shock wave experiments. Concerning the theoretical side, empirical potentials [9, 10] and tightbinding simulations [11] have been used to conduct molecular dynamics simulations of the shock compression of methane, while the use of density functional theory in first-principles molecular dynamics simulations [12, 13] provides more accurate modeling of the breaking and forming of chemical bonds. FPMD simulations with 16 methane molecules for 2 picoseconds show that some polymerization reactions occur at 100 GPa and 4000 K and that diamond formation take place only above 300 GPa [12] . Recent ab initio evolutionary simulations [14] have systematically investigated the phase diagram of methane under pressure, and confirmed the dissociation of methane at high pressures. Whereas, the anharmonism was neglected in calculations, which may affects the stability of methane.
To date, although a number of explanatory and predictive results in some cases have al-ready been provided by experimental and theoretical studies, many fundamental questions of methane at extreme conditions are still much controversial and under debate. The systematic study of equation of state, especially the Hugoniot curve under extreme conditions is far lacking now, which is essential in this context. Furthermore, in adiabatic compressions, the nonmetal-metal transition of hydrocarbons has been a major issue recently. For example, benzene [15] has been reported to transform metallic phase when decomposing into hydrogen under extreme conditions. To date there are still no such data explored for methane, especially due to the difficulties in applying current opacity models at these particular conditions. It is thus highly needed to study the electronic structure, Hugoniot EOS, and optical properties of shocked methane using an efficient method consistently. Quantum molecular dynamics (QMD), where the active electrons are treated in a full quantum mechanical way within the finite temperature density functional theory (FT-DFT), has been proven a successful tool to calculate the properties of complex plasmas under such extreme conditions [16] [17] [18] [19] [20] [21] . When combined with the Kubo-Greenwood formulation, the method produces a consistent set of material, electrical, and optical properties from the same simulation and can be applied to various systems.
In the present work, we perform QMD simulations for the system with densities and temperatures ranging from 0.6 g/cm into long alkane chains at higher pressures and temperatures, which consequently leads to the nonmetal-metal transition. The dynamic conductivity, calculated using the KuboGreenwood formula, along with electron density of states and charge distribution, confirms the occurrence of nonmetal-metal transition around 55 GPa. This paper is organized as follows. The simulation details are briefly described in Sec. II; the PCF, which is used to study the dissociation of methane, and Hugoniot curve are given in Sec. III; in Sec IV nonmetalmetal transition, optical properties and electronic properties are discussed. Finally, we close our paper with a summary of our main results.
II. COMPUTATIONAL METHOD
In the present application, the molecular dynamics trajectories are calculated by employing the Vienna ab initio simulation package (VASP) plane-wave pseudopotential code developed at the Technical University of Vienna [22, 23] . In these simulations, the electrons receive a fully quantum mechanical treatment through solving the Kohn-Sham (KS) equations for a set of orbitals and energies within a plane-wave, FT-DFT formulation [24, 25] , where the electronic states are populated according to the Fermi-Dirac distribution at temperature T e . The all-electron projector augmented wave (PAW) method [26, 27] is adopted and the exchange-correlation energy is described employing the Perdew-Wang 91 parametrization of the generalized gradient approximation (GGA) [28] . Atoms move classically according to the forces, which originate from the interactions of ions and electrons.
We perform finite-temperature, fixed-volume molecular dynamics simulations for selected densities ranging from 0.6 to 1.5 g/cm 3 and temperatures from 175 to 7000 K that highlight the single-shock Hugoniot region. We use 27 carbon and 108 hydrogen atoms (twenty-seven methane molecules) in a cubic cell and fix the plane-wave cutoff at 600.0 eV which is tested to give good convergence for both total energy and pressure. The Brillouin zone is sampled with the Γ point for molecular dynamics and 4 × 4 × 4 Monkhorst-Pack [29] scheme k points for the electronic structure calculations. Integration of the equations of motion proceeds with time steps of 0.5-1.0 fs for different pressure-temperature ranges. Typical simulations run for 8000-16000 steps with the time scale about 8 ps. We let the system equilibrate for 4000-8000 steps and calculate properties using the final 4000-8000 steps. The isokinetic ensemble (NVT) is employed for the ions, where the ion temperature T i is fixed using velocity scaling.
The electron temperature T e is in turn set to that of the ions T i based on the assumption of local thermodynamical equilibrium. The accuracy of our calculations is examined by the bond length of CH4 molecule in its ground state and the result is 1.09, which agrees well with the experiment.
III. SHOCK EOS AND PCF
A precise description of material properties, such as EOS, is important to the accurate calculation of electrical and optical properties. A crucial measure for theoretical EOS data 4 is the principal Hugoniot curve. It describes the shock adiabat through a relation between the initial and final internal energy, pressure and volume, respectively, (E 0 , P 0 , V 0 ) and (E 1 , P 1 , V 1 ) according to the following Rankine-Hugoniot equation [30] :
where the internal energy E equals to the sum of the ion kinetic energy 3 2 k B T i , the time average of the DFT potential energy and zero-point energy with k B the Boltzmann constant.
The pressure consists of contributions from the electronic P e and ionic P i components, which come from, respectively, the derivatives taken with respect to the KS electronic orbitals and the ideal gas expression since ions move classically. We thus have P = P e + ρ n k B T , where ρ n is the number density. For the methane principal Hugoniot curve, the initial density is
and the initial internal energy E 0 = 23.30 eV/molecule at a temperature of 111 K. The initial pressure can be neglected compared to the high pressure of the final state.
The Hugoniot points are determined in the following way. For a given density, the periodic crystalline sample of the corresponding size was first constructed. A fixed volume cubic supercell of 27 carbon and 108 hydrogen atoms (27 methane molecules), which is repeated periodically throughout the space, forms the elements of the calculation. A series of quantum molecular dynamics simulations are performed for different temperatures T . Following it, the internal energies and pressures are determined correspondingly and then fitted to a cubic function of T . For a given density and a set of temperatures, we plotted
along with (E 1 − E 0 ) as a function of temperature. The intersection of the two curves fixes the principal Hugoniot point (E 1 , P 1 , V 1 ) that satisfies Eq.(1). The particle velocity u p and shock velocity u s are then determined from the other two Rankine-Hugoniot equations [30] ,
The principal Hugoniot points of methane derived from Eq. (1) are listed in Table I .
We display our simulated Hugoniot curve for methane in , which usually implies the dissociation of molecular species in the media and thus suggests that methane is dissociating in this density region.
To clarify the structural change in methane under shock conditions, we calculate the PCFs for each pair of atom types, which give the possibility of finding an atom of a given type at a given distance from a reference atom. The PCFs, together with atomic structure along the principal Hugoniot of methane, are presented in Fig. 2 . At the lowest density of
, the PCF of C-H bond g C-H (r) peaks at about 1.09Å, which corresponds to the equilibrium internuclear distance of the C-H bond in methane molecule. At this density, the hydrogen correlation function does not show a maximum at a distance corresponding to the equilibrium distance of hydrogen molecule r H-H = 0.75Å. Meanwhile, no peaks occur in the PCF of C-C bond at 1.50Å or 1.54Å, which corresponds to the typical C-C bond length in diamond or saturated hydrocarbons. Therefore, the PCFs at 0.423 g/cm 3 indicate that methane remains its ideal molecular configurations without dissociation. As the density is compressed to ρ = 1.16 g/cm
3
, methane molecules dissociate with the increase of density and temperature, which is indicated in Fig. 2(b) by the significant reduction and broadening of the maxima of g C-H (r) around 1.09Å. On the other hand, the g H-H and g C-C PCFs at this density indicate that small amount of hydrogen and saturated hydrocarbons form molecules upon dissociation of methane. Consistently, the atomic configuration consists of a mixture of methane and ethane with the residual hydrogen atoms both in molecular and atomic forms as shown in the inset of Fig. 2(b) . As the density is further increased to 1.26 g/cm sampling the final picosecond of evolution. The configurations are spaced at time steps separated by at least the correlation time, the e−folding time of the velocity autocorrelation function. The calculated properties should be averaged over the number of representative configurations or snapshots employed. For each of these configurations, the electrical conductivity is calculated using the most general formulation given by the Kubo-Greenwood formulation, without particular assumptions made on the ionic structure or on the electronion interactions. In the framework of the quasi-independent particle approximation, the Kubo-Greenwood formulation [31, 32] gives the real part of the electrical conductivity as a function of frequency ω,
8 where ω is the frequency, Ω is the volume of the supercell, N is the total number of energy bands used, Ψ i,k and ǫ i,k are the electronic eigenstates and eigenvalues for the electronic state i at k, f (ǫ i , k) stands for the Fermi distribution function, and w (k) represents the k-point weighting factor. Other properties can be directly derived from the frequency-dependent real part of the electrical conductivity. An application of the Kramer-Krönig relation yields the imaginary part σ 2 (ω) as
where P stands for the principal value of the integral. The real and imaginary parts of dielectric function, in turn, follow immediately from the electrical conductivity as
And then the real n (ω) and imaginary k (ω) parts of the optical refraction index have relation with the dielectric function by a simple formula,
Finally, the reflectivity r (ω) and absorption coefficient α (ω) can be determined from these quantities,
In Fig. 3 the behavior of the frequency-dependent conductivity σ 1 (ω) at different Hugoniot points is reported in "raw" data form. It is found that σ 1 (ω) at these four different densities exhibit a uniform feature that they peak around 10.0 eV, which can be associated with transitions to the lowest excited states, and vanish above 25.0 eV. With the increase of density and temperature along the principal Hugoniot, the shape of σ 1 (ω) mostly keeps the same, but the main peak moves to lower frequencies, which consequently leads to a significant increase in dc conductivity, given as σ dc = lim [35, 36] . With the similar minimum metallic conductivity for fluid methane, it is indicated that nonmetal-metal transition takes place in shocked methane. This nonmetal-metal transition clearly suggests that the dissociation of the molecular fluid along the Hugoniot has major consequences to the electrical conductivity of the system. Interestingly, such nonmetal-metal transition in fluid hydrogen occurs under similar conditions [37, 38] . Another way to characterize this behavior is the change of the charge density with increasing density as shown in Fig. 7 , from which it is clearly seen that a transition from a disconnected network (left panel) to a connected one (right) occurs as density increases.
This suggests that the electrons are still localized for the lower density, while transient filaments and lusters form as percolating path for the higher density, which leads to a metal-like behavior. 
V. CONCLUSIONS
In summary, through systematic QMD simulations we have determined the shocked EOS and clarified the high-pressure nonmetal-metal transition of the fluid methane. The increase of electrical conductivity with pressure can be ascribed to the dissociation of the molecular fluid. However, no diamond-like carbon forms in the density range considered here. In addition, the optical properties of warm dense methane are also calculated, from which an experimentally measurable increase in the reflectivity associated with the high-pressure nonmetal-metal transition has been found. It is expected that our simulated results of shocked methane would have a strong influence on models for planetary interiors.
